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We report the experimental observation of collective multi-mode vacuum Rabi splitting in free
space. In contrast to optical cavities, the atoms couple to a continuum of modes, and the optical
thickness of the cloud provides a measure of this coupling. The splitting, also referred as normal
mode splitting, is monitored through the Rabi oscillations in the scattered intensity, and the results
are fully explained by a linear-dispersion theory.
Light scattering encompasses a broad range of phe-
nomena, and its elementary brick can be found in the
interaction of a vacuum mode with a single atom. From
a fundamental point of view, the vacuum mode and the
atom are two oscillators, whose coupling leads to hybrid
modes with specific energies. In case the two oscilla-
tors possess the same natural frequency, the interaction
lifts the degeneracy, and the new eigenenergies split by
an amount proportional to the coupling. In the context
of optical cavities, where the single mode hypothesis is
best achieved, the phenomenon has been coined vacuum
Rabi splitting [1, 2]. The effect has been successfully
observed and utilized in a wide range of fields from cav-
ity quantum electrodynamics in atomic physics [3, 4] to
solid-state systems and chemistry [5–15].
Interestingly, before the strong coupling regime could
be achieved experimentally with single atoms, the split-
ting was noted to be accessible experimentally in larger-
volume cavities: If an ensemble of N atoms are coupled
to the cavity, the coupling strength to the vacuum mode
is enhanced by a factor
√
N . This allowed for early ob-
servations in optical cavities [16–18], and it was later un-
derstood that a linear-dispersion theory could describe
the phenomenon [19, 20]. The fundamental difference
between the single- and the many-atom case is that in
the former case, the quantization of the electromagnetic
mode becomes relevant [21] (see left part of Fig.1).
Differently from high-finesse optical cavities, our three-
dimensional world presents a continuum of vacuum
modes, both in space and in frequency. Nevertheless, this
multimode characteristics does not prevent the building
up of collective modes. The first brick of collective scat-
tering was laid down by Robert H. Dicke, when he showed
that a collection of atoms, either in the small or the large
volume limit, emit light at a “superradiant” rate [22]. At
first discussed in the quantum context of fully-inverted
atoms, superradiant decay was later predicted in the limit
of a single excitation [23, 24], as confirmed by linear-
optics measurements [25, 26]. In the field of cooperative
scattering, subradiance [27], superflash [28] and collective
frequency shifts [26, 29–33] contribute to the rich variety
FIG. 1. Eigenenergies of an atomic cloud coupled to vacuum
mode(s). Left: N atoms coupled to a resonant single mode
cavity; the mode splitting scales as
√
Ng0, with g0 the single-
atom coupling to the mode. Right: A cloud with resonant op-
tical thickness b0, coupled to the continuum of vacuum modes
of free space; the mode splitting scales as
√
b0 − 1Γ, with Γ
the single-atom decay rate in free space (see text for details).
of observed phenomena.
The continuum of vacuum modes calls for a different
modelling of the light-atom interaction in free space: An
interpretation in terms of dipole-dipole interactions, ob-
tained by tracing over the light degrees of freedom, is in
general favored, as it allows addressing only the atomic
degrees of freedom [34]. Such a coupled-dipole approach
was largely used to describe the cooperative phenomena
described above. In particular, differently from optical
cavities where the cooperativity parameter is N , the res-
onant optical thickness of the cloud was identified to play
this role in free space for dilute clouds with a spatial ex-
tend larger than the optical wavelength [35].
In this Letter, we report on the experimental signa-
tures of collective multi-mode vacuum Rabi oscillations in
free space, where the optical thickness acts as a measure
of the coupling between the atomic cloud and the light
modes (see right part of Fig. 1). The splitting is mon-
itored through the linear-optics Rabi oscillations of the
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FIG. 2. (a) Sketch of the experiment: A monochromatic plane-wave laser suddenly illuminates a Gaussian cloud of two-level
atoms, while the dynamics of the scattered intensity is measured at an angle of θ ≈ 35◦ from the axis of the incident beam by
a hybrid photon detector (HPM). (b-c) Experimentally recorded intensity (dots) after the laser switch-on, normalized to 1 in
the long-time limit, for different values of the optical thickness of the cloud and laser detunings [(b) b0 ≈ 8.1 and ∆ = −7Γ;
(c) b0 ≈ 20.3 and ∆ = −4Γ]. The plain lines are obtained by a numerical simulation of the linear dispersion theory (see text),
the dashed lines denote the single-atom response (not normalized, for visibility purposes).
cloud after an abrupt switch-on of the pump laser. Our
measurements, realized over a set of driving frequencies
and optical thicknesses, are in very good agreement with
linear-dispersion theories for three-dimensional clouds.
Our experimental setup, which has been detailed in
Ref. [25], is sketched in Fig.2(a): A three-dimensional
Gaussian cloud (rms width R ≈ 1 mm) of N ≈ 109 ran-
domly distributed 87Rb atoms is produced in a magneto-
optical trap at a temperature T ≈ 100µK. The atoms
are optically pumped to the F = 2 state, and driven
on the F = 2 → F = 3 transition (with wavelength
λ = 780.24 nm and linewidth Γ/2pi = 6.07 MHz). The
cloud is homogeneously illuminated by a linearly po-
larized laser beam (waist w ≈ 5.7 mm, detuning ∆ =
ωL − ωa from the atomic transition) propagating along
the z-axis. A series of pulses with 10-90% rise time of
about 6 ns, short compared to the lifetime of the excited
state τat = Γ
−1 = 26.2 ns, are produced by acousto-
and electro-optical modulators. During the series of
pulses, the atomic cloud expands ballistically, which al-
lows us to probe different on-resonance optical depths,
defined as b0 = σ
Rb
0
∫
ρ(0, 0, z)dz, with σRb0 the reso-
nant Rubidium atomic cross-section. The light inten-
sity is adjusted to keep a constant saturation parameter
s = 2Ω20/(Γ
2 + 4∆2) ' (2.2 ± 0.6) × 10−2, with Ω0 the
Rabi frequency of the laser. The time-dependent scat-
tered light intensity is recorded by a photon detector in
the far field at an angle of θ ≈ 35◦ from the laser axis.
The finite rise time of the laser field, as well as small
spurious overshoots, are accounted for by first dividing
the recorded signal by the switch-on temporal profile of
the laser alone (recorded with the same cycle and same
detector with light scattered on white paper), in order to
focus on the atomic dynamics.
Typical examples of intensity signal from the experi-
ment are presented in Figs. 2(b) and (c). The radiation
emitted by the cloud of cold atoms exhibits Rabi oscilla-
tions, whose frequency are smaller than the single-atom
one: For a single atom, one indeed expects an oscillation
of the excited state population with the generalized Rabi
frequency ΩR =
√
∆2 + Ω20 ≈ |∆| in the linear optics
regime considered here. As we shall now show, the devi-
ation from this single-atom oscillation frequency finds its
origin in the large resonant optical thickness of the cloud,
which considerably enhances its dispersive features, and
provides a direct measurement of the coupling strength
between the cloud and the vacuum modes.
Differently from optical cavities, in free space the
three-dimensional continuum of vacuum modes forces us
to adopt a space-dependent theory in order to investigate
the dispersion properties of the cloud. In our setup, let
us first consider the propagation of a wave scattered off
an atom at position r. The wave of frequency ω moves
from an initial position ri = r − wzˆ (w → ∞) to the
atom at r where it is scattered, and then to the detector
positioned at rf = r + wθˆ, where zˆ and θˆ denote the
unit vectors of the z-axis and the detector direction with
respect to the atom, respectively. In the dilute regime
with atoms being distributed in the cloud by a density
distribution function, ρ(r), and being uniformly illumi-
nated by the laser, this process can be described by the
following transfer function for an atom in r [36]:
tr,θ(ω) =
exp
(
− 12
brr−wzˆ+b
r+wθˆ
r
1−2i(ω−ωa)/Γ
)
1− 2i(ω − ωa)/Γ (1)
Here, br
′
r = σsc
∫ r′
r
drρ(r) denotes the optical thickness
for a light ray propagating from r to r′. The expression
assumes w  R, which corresponds to a detector in the
far-field. Although it neglects disorder in single experi-
mental realizations, this approach captures well collective
phenomena such as superradiance [36]. In Fig.2(b), one
can observe that it captures very well the damped os-
cillations of the radiated intensity, but also the beating
3that is absent from the single-atom response.
In the simplified case of an infinite slab illuminated by
a plane-wave, the forward-scattering response (θ = 0) is
obtained by integrating the local response over the cloud,
t0(ω) =
∫
drρ(r)tr,θ(ω), which leads to
t0(ω) ∼
exp
(
− b02
[
1− 2i(ω−ωa)Γ
]−1)
1− 2i(ω − ωa)/Γ , (2)
where b0 is the resonant optical thickness of the slab. By
analyzing the response function t0(ω), one observes that
for b0 > 1, the cloud response splits into two symmetric
resonances of frequency
ω± = ωa ±
√
b0 − 1
2
Γ. (3)
This behaviour is illustrated in the right part of Fig. 1:
The role of the coupling strength between the cloud and
the vacuum modes, quantified by the resonance splitting,
is thus here assumed by the resonant optical thickness.
For our spherical Gaussian cloud, we call the observa-
tion angle θˆ and normalize the distances as r→ r/R:
brr−wzˆ =
b0
2
e−
r2−(r.zˆ)2
2
[
1 + Erf
(
r.zˆ√
2
)]
(4)
br+wθˆr =
b0
2
e−
r2−(r.θˆ)2
2
[
1− Erf
(
r.θˆ√
2
)]
,
where the limit w → ∞ is used. The cloud response for
the Gaussian sphere is then computed numerically using
Eq. (1), which in turn allows to obtain the intensity dy-
namics in the temporal domain: After multiplying it by
the Fourier transform of the pump beam temporal pro-
file (a Heaviside function), the local frequency response
of the atoms is converted into a temporal response by
computing its inverse Fourier-transform; the obtained in-
tensity is then integrated over all the cloud [36, 37]. The
temporal curves presented in Fig. 2 were obtained this
way. We have also checked that the microscopic coupled
dipole model discussed in the introduction [34, 38] pro-
vides temporal signals in excellent agreement with the
linear-dispersion approach (1) [39]. An important differ-
ence, though, is that these microscopic simulations are
limited to thousands of particles, so they address much
smaller systems.
The measurement of the splitting requires the oscil-
lations to be faster than the decay rate [40]. Close to
resonance, Close to resonance, we observe that the oscil-
lations vanish, see Fig. 2(c), which we attribute to occur-
rence of multiple scattering (b(∆) = b0/(1 + 4∆
2/Γ2) >
1) [25]. Out of resonance (such that b(∆) < 1), the de-
tuning is chosen such that the single-atom generalized
Rabi frequency ΩR ≈ |∆| be larger than the superra-
diant decay rate [25], which allows to monitor the de-
viation from the single-atom oscillations, see Fig. 2(b).
FIG. 3. Frequency response of the cloud to the switch-on of
the laser, at an angle θ = 35◦. |tθ(ω)|2 is computed from the
Fourier transform of the intensity (a) from the experiment and
(b) from the linear-dispersion theory. The black lines denote,
in both figures, the maxima derived from the linear-dispersion
approach. ω = ωopt−ωL, i.e., it corresponds to the difference
between the optical frequency and the laser frequency (here
detuned by ∆ = −12Γ). (c) Frequency response of the cloud
for increasing optical thicknesses, for a slab and in the forward
direction (dash-dotted curves), and for a spherical cloud with
a Gaussian density and for light at an angle θ = 35◦ (plain
lines).
Note that while the experimental curves are obtained
from averaging the signal over thousands of runs, the
linear-dispersion effective-medium approach provides a
signal that is naturally fluctuation-free.
Let us now discuss in more details the splitting in
frequency space: In Fig. 3(a,b), the Fourier transform
of the intensity signal is presented, for the experimen-
tal data and the linear-dispersion simulations. We first
note that while the splitting is present, the lower branch
ω− is much more visible, especially at high b0. This is
due to the fact that the system is pumped with a nega-
tive detuning (∆ = −12Γ in this case), so the laser cou-
ples more strongly to this branch. The increasing optical
thickness makes this lower branch even closer to the laser
frequency, and the upper branch ω+ even farther, which
results in an increasing imbalance between the branches.
4A pumping at ∆  ω± would allow to populate almost
equally the two branches, yet at the price of a weaker
radiated intensity.
As discussed above (see Eq.(3)), the one-dimensional
geometry of the slab provides a simple scaling ∆ω ∼√
b0 − 1 for the splitting, see Eq.(3) and Fig.1. The three-
dimensional Gaussian cloud used in our experiment, with
an observation angle at θ = 35◦ and a beam larger than
the cloud, leads to the coupling of the atoms to a larger
family of vacuum modes. This is illustrated in Fig.3(c),
where the difference of the splitting process for the slab
and the Gaussian sphere is presented. The slab is char-
acterized by a strong gap between the two resonances,
whereas the Gaussian sphere presents a rather shallow
dip, with even the emergence of secondary resonances at
higher b0. Furthermore, the decay of the tails of the fre-
quency response are much slower for the Gaussian sphere.
One explanation for these differences is that in an ideal
(i.e., infinite) slab, all incoming rays see the same optical
thickness. Differently, in a Gaussian sphere rays outside
the z-axis go through the medium with a different opti-
cal thickness; the presence of this variety of optical thick-
nesses for a three-dimensional cloud (an effect reinforced
by the observation angle θ > 0) leads to a broadening
of the cloud dispersive response. More generally, in a
single-mode cavity, the system possesses only two modes
(plus N−1 degenerate dark states), and the large N limit
makes the quantization of the photons irrelevant; but in
free space, a single atom couples to a continuum of light
modes, already leading to a broad response.
The shift of the dominant branch is then systemati-
cally deduced from the experimental data by fitting it
to a single-dipole function Iθ(t) = |1 − exp[(i(∆ + ω− −
ΓSR/2)t]|2, with ω− and ΓSR as fitting parameters. This
procedure yields less fluctuations than the Fourier trans-
form. The results are presented in Fig. 4, for a set of
detunings and resonant optical thicknesses. They are
compared to the linear dispersion theory results and to
the coupled dipole model using the same procedure. All
three approaches present results in very good agreement.
The different values of detuning used, as well as the differ-
ent system sizes simulated (in particular for the coupled
dipole approach) highlight the role of the resonant opti-
cal thickness b0 as a measure of the collective coupling
of the atomic cloud to the vacuum modes in free space.
We note that for larger values of b0, an increasing detun-
ing |∆| is necessary to obtain a splitting that does not
depend on the detuning, an effect which we attribute to
multiple scattering.
We stress that the collective splitting discussed here is
fundamentally different from the “collective Lamb shift”
(CLS) reported in atomic systems [26, 29–33]. In the
larger sample limit (R  λ), the CLS scales with the
atomic density [41–43], whereas the present experiment
was realized using dilute clouds (ρ/k3 ∼ 0.01). In par-
ticular, we point out that the splitting for the slab (see
FIG. 4. Splitting amplitude extracted from the experiment
(full symbols), from the coupled dipole simulations (empty
symbols) and from the linear dispersion theory (lines), for
different detunings and optical thicknesses.
Eq. (3)) depends only on b0, and does not present any
explicit dependence on the atomic density, which clearly
differentiates it from the CLS. We note that the oscilla-
tions which emerge from the light-atom coupling, some-
times called “ringing”, has stimulated several experimen-
tal and theoretical works [40, 44, 45]. Here, within the
context of free space linear-optics, we propose a unified
picture of the macroscopic coupling between an atomic
cloud and vacuum modes.
As a final remark, it is interesting to note the con-
nection between steady-state frequency-resolved spec-
troscopy and time-dependent spectroscopy. In cavity
spectroscopy, a well-known technique called ring-down
spectroscopy [46] has been developed, where a photon
bullet picture, which neglects interference effects, can
describe the observed phenomena, whereas cavity trans-
mission experiments involves interference effects between
multiple reflections inside the cavity. For our mirrorless
configuration, steady-state experiments sensitive to the
frequency-dependent scattered intensity T (ω) = |t(ω)|2
have been presented in Ref. [47]. In contrast, the data
presented in this work have been obtained in time-
dependent experiments and depend on the Fourier trans-
form of t(ω). Similar to the situation of cavity spec-
troscopy, we expect the sensitivity to intensity and phase
fluctuations to scale differently using these different pro-
tocols, a feature which might be exploited when consid-
ering fluctuations or dephasing mechanisms.
In conclusion, we have reported on the experimental
observation of the collective multi-mode vacuum Rabi
splitting in free space, by monitoring the linear-optics
Rabi oscillations of the scattered intensity after an abrupt
switch-on of the pump laser. The scaling of the splitting
with the resonant optical thickness shows that the latter
is a measure of the coupling between the atomic clouds
and the three-dimensional continuum of vacuum modes
5in free space.
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